Adding Au nanoparticles to YBa2Cu3O 7−δ thin films leads to an increase of the superconducting transition temperature Tc and the critical current density jc. While the higher jc can be understood in terms of a stronger pinning of the flux vortices at the Au nanoparticles, the enhanced Tc is still puzzling. In the present study, we determined the microscopic magnetic penetration profiles and the corresponding London penetration depths λL in the Meissner state of optimally doped YBa2Cu3O 7−δ thin films with and without Au nanoparticles by low-energy muon spin rotation. By Rutherford backscattering spectrometry, we show that the Au nanoparitcles are distributed over the whole thickness of the thin-film samples. The superfluid density ns ∝ 1/λ 2 L was found to increase in the films containing Au nanoparticles. We attribute this increase of ns to a reduction of the defect density possibly due to defect condensation at the Au nanoparticles.
The influence of disorder on cuprate systems is still an open issue. It is known that disorder directly affects the superconducting properties of these systems, but the underlying mechanisms are not fully clarified.
1 In YBa 2 Cu 3 O 7−δ (YBCO), for instance, the charge carrier transfer from the Cu-O chains to the CuO 2 planes is crucial for the appearance of superconductivity. This charge transfer depends strongly on the oxygen order and on the oxygen mobility within the Cu-O chains.
2 Substitution of chain Cu by other metal ions leads generally to a suppression of the superconducting transition temperature T c .
3 Surprisingly, this does not apply to Au. Superconducting quantum interference device (SQUID) and neutron diffraction measurements performed by Cieplak et al. 4, 5 show that it is possible to incorporate 10 at.% Au into the structure of polycrystalline YBCO, where Au exclusively replaces the chain Cu(1) atoms. This leads to an increase of T c of about 1.5 K and to an increase of the c-axis lattice constant. The Cu-O bond length between Cu(1) and the oxygen in the Cu-O chains as well as between Cu(1) and the bridging oxygen are enlarged. Previous studies revealed also a lower normal state resistance and a minor influence on the normal state magnetization and on the upper critical field. 6 Recently, it has been demonstrated that Au nanoparticles, incorporated in YBCO thin films, lead to an increase of T c and the critical current density j c (from 4 · 10 7 A/cm 2 to 6 · 10 7 A/cm 2 at 10 K). 7, 8 Since YBCO is superconducting above the boiling temperature of nitrogen this is of special interest for applications. A stronger flux pinning of the vortices at the Au nanoparticles causes a higher j c , which is crucial in order to improve superconducting magnetic field sensors 8, 9 as used in dc-SQUID gradiometers.
Until now little is known about the effect of the inclusion of Au nanoparticles on the microscopic superconducting parameters, such as the superfluid density n s . In the present study we investigated two sets of YBCO thin films with different Au contents by means of low-energy muon spin rotation (LE-µSR) experiments and Rutherford backscattering spectrometry (RBS). The amount and the distribution of the Au nanoparticles were determined as well as the microscopic changes of the Meissner screening profile and the London penetration depth λ L . This is of special interest, since λ L is related to the superfluid density n s :
where m * is the effective mass of the supercarriers. The optimally doped YBCO thin films studied in this work were prepared by pulsed-laser-deposition (PLD) using a KrF excimer laser (λ = 248 nm, τ = 25 ns) at the Friedrich-Schiller-Universität in Jena. Single-crystal SrTiO 3 10 × 10 × 1mm 3 in size and polished with the surface perpendicular to the [001] crystal axis was used as substrate. In order to realize clustered Au nanoparticles, an initial gold seed layer of 1.8 nm thickness was sputtered on the substrates by dc-magnetron sputtering (I = 10 mA, U = 215 V, growth rate: 4 nm/min, p Ar = 5 mbar). Subsequently, the Au coated substrates were heated to 780
• C to achieve a dewetting of the Au seed layer. The resulting nanoparticles were overgrown by YBCO in an in situ process. The YBCO deposition was realized by a PLD process in an oxygen atmosphere (repetition rate: 5 Hz, laser fluence: 2.2 J/cm 2 , growth rate: 20 nm/min, p O2 = 0.5 mbar). In order to obtain the orthorhombic phase, the resulting YBCO thin films were cooled down to room temperature at a rate of 50 K/min in pure oxygen (p O2 = 800 mbar). The resulting optimally doped YBCO thin films have a typical thickness of 120 − 200 nm and are c-axis oriented. With the Au seed layer thickness used the typical Au particle size is in the range 10 − 40 nm. 8 The area distribution of the Au nanoparticles is quite homogeneous, whereas the concentration within the depth profile varies, as later discussed.
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More details on the growth and the properties of the used samples can be found in Refs. 7 and 8. The mean distance between the Au nanoparticles is about 50 nm. The samples are therefore still in the clean limit, since the correlation length is of the order of 2 nm.
Here, we studied two sample sets with (YBCO Au ) and without (YBCO) Au nanoparticles. As expected, slightly higher T c values were observed by resistivity measurements for the YBCO Au compared to the pristine YBCO thin-film samples (see Fig. 1 ). In order to monitor precisely the amount as well as the distribution of Au as a function of depth in the thin-film samples, RBS measurements were performed at ETH Zürich. For RBS a 4 He beam with an energy of 2−5 MeV and a silicon PIN diode detector at a scattering angle of 168
• were used. 10 The elemental composition was determined by using the RUMP software.
11 In the YBCO samples no Au peak is present in the RBS spectra as expected. The stoichiometry of optimally doped YBCO was confirmed within experimental uncertainty. The Au concentrations as function of depth were determined in the YBCO Au samples as depicted in Fig. 2 . In these samples the Au nanoparticles are distributed over the whole superconducting region. On average there are about 4(1) · 10
15 Au atoms/cm 2 in this region. The so-called dead layer close to the substrate interface d DL contains less nanoparticles and exhibits no macroscopic Meissner screening. This is consistent with the lower T c generally observed in this region in these thin-film samples.
12
In order to determine the Meissner screening profile B(z) and the temperature dependence of the magnetic penetration depth λ L in a straight forward way LE-µSR experiments were performed at the µE4 beamline at the Paul Scherrer Institut (PSI, Switzerland).
13,14 A mo- saic of four samples from one set was glued with silver paint on a nickel coated aluminum plate. The low-energy muons (µ + ) are produced at a rate of about 10 4 s −1 using a solid Ar/N 2 moderator. After reacceleration the final energy of the muons is adjusted by a bias voltage at the sample. By tuning the energy between 5 and 25 keV the mean stopping depth of the muons can be varied in a range of 25 − 106 nm in YBCO (see Fig. 3 ).
In condensed matter, muons act as local magnetic probes. Measuring the time difference t = t e − t s between the implantation time t s and the decay time t e of the µ + , detected via the decay positron, allows one to determine the temporal evolution of the muon-spin polarization P (t).
16 This is possible due to the parity violation of the weak decay which results in a positron emission preferentially along the µ + spin direction at the time of decay. The positron count rate N (t) is given by:
with a mean µ + lifetime of τ µ = 2.197 µs, where N 0 gives the scale of the counted positrons, N Bkg is a timeindependent background of uncorrelated events, and A is the observable decay asymmetry.
The experiments were performed in the Meissner state. After zero field cooling to 5 K a magnetic field B ext = 8 mT< µ 0 H c1 is applied parallel to the thin-film surfaces and perpendicular to the initial muon spin. In this case the muon-spin polarization P (t) is given by
with the initial phase φ, the muon gyromagnetic ratio γ µ = 2π · 135.5 MHz/T, and the depolarization rate σ STO is the substrate region (dark gray), DL is the dead layer at the substrate (dDL) and at the vacuum (z0) interface (light gray), SC is the superconducting region with thickness dsc (yellow). The red line is a guide to the eye. TABLE I. Summary of the parameters determined for the investigated optimally doped YBCO thin-film samples with (YBCOAu) and without Au nanoparticles (YBCO). The superconducting transition temperatures Tc were obtained from resistivity measurements. The average film thicknesses d were extracted from RBS measurements. From a global fit of the LE-µSR data the superconducting thicknesses dsc, the dead layer thicknesses to the vacuum interface z0, and the London penetrations depths λ ab (10 K) were determined. λ ab (0 K) and the superconducting gap ∆0 were extracted from a linear fit in the range 5 − 35 K of λ ab (T ) measured with LE-µSR. For comparison single crystal values 20 are also presented. which is a measure of any inhomogeneous local magnetic field distribution at the µ + site. The muon stopping distributions n(z) for different energies are simulated using the Monte Carlo code TRIM.SP 15 (see Fig. 3 ). The applicability of the TRIM.SP code for low energy muons stopping in matter is demonstrated in Ref. 17 . Since the thin films have twinned a-and b-axes, the average magnetic penetration depth λ ab is determined with the present experimental set-up. To analyze the data, the London model profile for thin films was used, resulting from an exponential decay of B ext from both interfaces:
where d sc is the thickness of the superconducting region, z is the depth along the c-axis, and z 0 is the effective dead layer at the vacuum interface (see Fig. 2 ). This dead layer may be due to the roughness of the surface 18 or to a reduction of the order parameter close to the surface. By the simultaneous analysis of the µSR spectra measured at seven different implantation energies at 10 K, the Meissner screening profiles of the two sample sets YBCO and YBCO Au were determined (see Fig. 4 ). The resulting values of the parameters are listed in Table I Table I . The data points are determined from single energy fits using B = n(z)B(z)dz, where n(z) is the muon implantation profile of the corresponding energy (see Fig. 3 ). interface are surprisingly small in both sets (z 0 ≈ 1 nm) compared to single-crystal YBCO (z 0 10 nm) 20 and other YBCO thin-film measurements (z 0 8 nm).
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YBCO Au screens the magnetic field better, and therefore exhibits a smaller λ ab than our pristine YBCO (Fig. 4) . The temperature dependence of λ ab of thinfilm YBCO and YBCO Au is presented in Fig. 5 . These values of λ ab were extracted from µSR spectra measured at the energy corresponding to the minimal average local magnetic field B min at 10 K. Both sample sets show a linear increase in λ ab up to 35 K which is characteristic for a d-wave pairing:
The slopes for YBCO and YBCO Au are very similar (≈ 0.4 nm/K), so the superconducting gaps ∆ 0 are the same within experimental uncertainty (see Table I ). The value of λ ab (0K) for YBCO Au is smaller compared to YBCO, but still larger than that one of single-crystal YBCO. If the amount of Au nanoparticles is higher (Au seed layer of 3 nm instead of 1.8 nm) the same effects on T c and λ ab where observed. The nominal changes are smaller, since most of the Au nanoparticles remained at the interface to the substrate. A possible explanation for the reduced magnetic penetration depth in YBCO Au is the diffusion of Au from the nanoparticles into the Cu-O chains (likely during the YBCO deposition), since Au has a relatively high mobility at higher temperatures. A replacement of Cu (1) by Au in the Cu-O chains leads to an increase of the oxygen mobility. 23 An enhanced oxygen mobility favors longer Cu-O chain segments leading to in increase of the charge carrier transfer from the Cu-O chains to the CuO 2 planes.
2 Since more charge carriers can contribute to superconductivity, n s increases while λ ab decreases. In this case the c-axis lattice constant should be slightly increased.
4 This, however, was not observed in the investigated samples.
Another possibility is that the presence of Au nanoparticles in the superconducting region of YBCO lowers the defect density and leads therefore to the observed reduction of λ ab in YBCO Au . A reduced defect density could originate from a condensation of defects at the Au nanoparticles, so that the CuO 2 planes and the structure are less disturbed. To evaluate the defect density we take the c-axis lattice constant as an indication. In YBCO Au , we observe a slightly smaller c-axis lattice constant (c YBCOAu = 1.1688(2) nm < c YBCO = 1.1699(2) nm). YBCO single crystals have an even smaller c-axis lattice constant (c bulk = 1.167(1) nm). 24 A lower defect density is generally expected in single-crystal YBCO compared to thin-film YBCO which is consistent with the trend of the c-axis lattice constants. From this point of view YBCO Au has a lower defect density than our pristine YBCO, but a higher one compared to single-crystal YBCO. Since single-crystal YBCO has also a smaller λ ab and a higher T c compared to our YBCO and YBCO Au samples, a reduced defect density is a possible reason for the slightly different values of T c and λ ab (0) in YBCO Au compared to pure YBCO films.
In summary, we have shown by using LE-µSR that the increase of T c in thin-film YBCO containing Au nanoparticles is accompanied by a reduction of the average magnetic penetration depth λ ab . We attribute this reduction to a lowered defect density. The diffusion of Au into the Cu-O chains may also contribute to the observed changes of T c and n s . In previous studies on YBCO, Cu was exchanged by Au within the Cu-O chains to obtain an enhanced T c . Our results indicate that the presence of Au nanoparticles has a similar effect in thin-film YBCO.
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